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ABSTRACT 

We  have  developed  a ‘building  block’  approach  to  electrostatically-mediated 
construction  of  modular  self-assembled  colloid-colloid  ensembles.  Our  strategy  involves 
functionalization  of  one  type  of  colloidal  building  block  with  a primary  amine,  and  a 
counterpart  building  block  with  a carboxylic  acid  derivative  (Scheme  1).  By  combining 
the  two  systems,  acid-base  chemistry  followed  by  immediate  charge-pairing  resulted  in 
the  spontaneous  formation  of  electrostatically-bound  mixed-colloid  constructs.  The  shape 
and  size  of  these  ensembles  was  controlled  via  variation  of  particle  size  for  the  two 
components  and  their  stoichiometries. 

INTRODUCTION 

Molecular  self-assembly  is  the  association  of  molecules  into  structurally  well- 
defined,  stable  aggregates  via  thermodynamically-controlled  non-covalent  interactions. 
Application  of  self-organization  to  multi-scale  ordering  of  colloidal  nanoparticles 
provides  a platform  for  the  creation  of  macroscopic  devices.  The  ability  to  finely  control 
the  spatial  arrangement  of  nanoscopic  entities  in  composite  arrays  allows  for  the  creation 
of  materials  with  interesting  electronic  [1],  optical  [2],  optoelectronic  [3],  and  magnetic 
properties  [4], 

For  these  applications  to  be  realized,  however,  preparation  of  physically  and 
chemically  diverse  nanocomposite  materials  is  a major  goal.  Recent  examples  of  these 
materials  include  biomolecule-colloid  [5],  colloid-colloid  [6],  polymer-colloid  [7], 
dendrimer-colloid  [8],  and  sol  gel-colloid  materials  [9].  We  report  here  a ‘building  block’ 
approach  to  the  construction  of  modular  colloid-colloid  ensembles  through 
electrostatically-mediated  self-organization. 

EXPERIMENTAL  DETAILS 

Our  methodology  entailed  functionalizing  one  type  of  colloidal  building  block 
with  a primary  amine,  and  a counterpart  building  block  with  a carboxylic  acid  derivative 
(Scheme  1).  By  combining  the  two  systems,  acid-base  chemistry  followed  by  immediate 
charge-pairing  would  result  in  the  spontaneous  formation  of  electrostatically-bound 
mixed-colloid  constructs.  These  systems  are  easily  discriminated  both  in  size  and 
properties,  and  can  be  synthesized  in  a straightforward  manner. 
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Scheme  1:  Illustration  of  carboxylic  acid-functionalized  gold  colloid  1 reacting  with  amine-functionalized 
silica  colloid  2,  providing  differently  derived  morphologies  3 and  4.  For  colloid  1 , the  wavy  lines  represent 
the  propyltrimcthoxysilyl-tether.  For  2.  wavy  lines  are  associated  with  decanethiol  ligands:  the  straight 
lines  correspond  to  octancthiol  ligands.  100:1  Au  l:SiO;  2 is  equivalent  to  100x1  mg/ml.  Au  1 colloid 
solution  added  to  lxl  mg/ml.  SiC>2  2 colloid  solution. 

Carboxylic  acid-functionalized  gold  particles  1 were  prepared  by  ligand  exchange 
of  commercially  available  1 1-mcrcaptoundccanoic  acid  with  octancthiol-functionalized 
gold  colloids  [10],  These  were  then  dispersed  in  a THF/McOH  (3/1)  medium  to  0.5% 
w/v.  Amine-derived  colloids  2 were  prepared  by  reacting  15  nrn  silica  particles  with  3- 
aminopropyltrimethoxysilane  [1 1],  and  subsequently  dispersed  in  a THF/MeOH  (3/1) 
medium  to  0.5%  w/v.  TEM  analyses  of  1 and  2 were  performed  to  verify  the  structure  of 
these  colloidal  systems.  The  resulting  pictures  show  that  the  Au  colloids  1 (Figure  lb) 
were  about  2 nm  in  diameter,  while  the  silica  colloids  2 (Figure  la)  were  1 5 nm  in 
diameter. 
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Figure  1:  TEM  micrographs  of  (a)  Au  1 and  (b)  Si02  2 colloid  systems. 

DISCUSSION 

Initial  studies  focused  on  combining  solutions  1 and  2 in  a 1:1  ratio  [12],  where 
rapid  aggregation  of  the  gold  colloid  suspension  was  seen.  The  low  magnification  TEM 
(Figure  2a)  shows  the  organized  arrangement  attained  by  this  mixed-colloid  system.  The 
presence  of  giant  ‘fractal-like’  superstructures  ranging  ca.  4-5  micrometers  in  size  is 
clearly  visible.  Higher  magnification  TEM  micrographs  (Figure  2b)  clearly  shows  that 
each  silica  particle  is  surrounded  by  a number  of  smaller  Au  nanoparticles.  These  Au 
colloids  are  themselves  attached  to  additional  silica  colloids,  affording  giant  mixed- 
colloid  superstructures.  Another  interesting  feature  is  the  regular  spacing  of  Au  colloids 
on  the  surface  of  the  silica  particles,  arising  from  the  coulombic  repulsions  between 
charge-paired  units.  This  observation  is  in  line  with  other  charged  colloid  systems  where 
charged  metallic  nanoparticles  are  known  to  electrostatically  repel  each  other  and  are 
typically  well  separated  on  substrate  surfaces  [13].  As  a control  study,  we  replaced  1 with 
an  alkyl-functionalized  derivative,  removing  any  capacity  to  undergo  acid-base 
chemistry.  As  expected  no  aggregation  took  place,  indicating  that  the  structural 
morphology  observed  in  the  1.2  aggregates  arises  from  electrostatic  self-assembly. 
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Figure  2:  TEM  micrographs  of  1 : 1 An  1 :SiO;  2 system.  Micrograph  A is  low  magnification  picture 
showing  the  giant  fractal-like  superstructure  obtained.  Micrograph  B is  high  magnification  image  clearly 
showing  the  self-association  present  in  1:1  An  l:SiOj  2 system.  Au  colloids  appear  dark,  while  silica 
nanoparticles  appear  light. 

It  has  been  demonstrated  that  controlling  the  Au  density  on  silica  colloid  surfaces 
can  lead  to  regulation  of  optical  resonance  [14].  We  predicted  we  could  manipulate  the 
Au  1 colloid  density  and  thus  structural  morphology  of  the  mixed-colloid  superstructure 
by  increasing  Au  1 equivalents.  After  combining  solutions  1 and  2 at  20:1  and  100:1 
respectively,  and  performing  TEM  studies,  two  distinct  mixed-colloid  morphologies  were 
afforded.  For  the  20:1  system,  the  mixed-colloid  assemblies  obtained  were  100-250  nm 
across,  greatly  reduced  in  size  as  compared  to  the  giant  superstructures  attained  for  the 
1:1  system.  (Figure  3a).  Also  discernible  was  the  increased  density  of  Au  colloids  on  the 
surface  of  the  SiC>2  particles.  As  in  the  1:1  system,  the  Au  colloids  were  evenly  spaced 
but  the  inter-gold  colloid  distance  had  decreased.  For  the  100:1  mixed-colloid  system,  the 
smallest  colloidal  clusters  of  all  three  systems  were  attained  (Figure  3b).  These  constructs 
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consisted  of  only  a small  number  of  silica  particles  per  cluster,  ranging  from  50-100  nm 
in  size.  Also  visible  is  the  complete  surface  coverage  provided  by  the  close  packing  of  the 
Au  colloids  on  the  SiC>2  surface,  with  virtually  no  distance  between  the  Au  nanoparticles. 


Figure  3:  TEM  micrographs  of  20:1  and  100:1  Au  l:Si02  2 mixed-colloid  systems.  Micrograph  a 
corresponds  to  20/1  system.  Higher  density  of  Au  colloids,  which  remain  evenly  spaced,  is  seen. 
Micrograph  b is  associated  with  100/1  system,  and  shows  densely  packed  monolayer  of  Au  1 colloids 
electrostatically  bound  to  the  surface  of  2. 

CONCLUSION 

In  summary,  a facile  methodology  for  constructing  diverse  mixed-colloid 
ensembles  was  established.  It  was  demonstrated  that  the  mixed-colloid  architecture  was 
controlled  by  both  electrostatic-self  assembly  and  concentration  changes,  regardless  of 
the  nature  of  the  core. 

ACKNOWLEDGEMENTS 

This  research  was  supported  by  the  National  Science  Foundation  (DMR-980936S, 
MERSEC).  VR  acknowledges  support  from  the  Alfred  P.  Sloan  Foundation,  Research 
Corporation,  the  Camille  and  Henry  Dreyfus  Foundation,  The  Petroleum  Research  Fund 
of  the  ACS,  and  the  CUMIRP  program  at  the  University  of  Massachusetts. 

ACKNOWLEDGEMENTS 

1.  A.  K.  Boal,  V.  M.  Rotello  J.  Am.  Chem.  Soc.  121,  4914  (1999).  M.  A.  C. 
Templeton,  D.  E.  Cliffel,  R.  W.  Murray  J.  Am.  Chem.  Soc.  121,  7081  (1999). 


C4.46.5 


2.  B.  A.  Korgel,  D.  Fitzmaurice  Adv.  Mater.  10  (9),  661  (1998).  J.  Schmitt.  P. 
Machtle,  D.  Eck,  H.  Mohwald,  C.  A.  Helm  Langmuir  15,  3256  (1999). 

3.  T.  Cassagneau,  J.  H.  Fendler,  T.  E.  Mallouk  Langmuir,  ASAP  Article. 

4.  T.  Prozorov,  R.  Prozorov,  A.  Gedanken  Adv.  Mater.  10  (18).  1529  (1998).  F. 
Caruso,  A.  S.  Susha,  M.  Giersig.  H.  Mohwald  Adv.  Mater.  11  (11),  950 
(1999). 

5.  C.  ].  Loweth,  W.  B.  Caldwell,  X.  G.  Peng,  A.  P.  Alivisatos,  P.  G.  Schultz 
Angew.  Chem.  Lnt.  Ed.  38,  1808  (1999).  A.  P.  Alivisatos,  K.  P.  Johnsson,  X.  G. 
Peng,  T.  E.  Wilson,  C.  J.  Loweth,  M.  P.  Bruchez,  P.  G.  Schultz  Nature,  382, 
607  (1996). 

6.  P.  Jiang,  J.  Cizeron,  J.  F.  Bertone,  V.  L.  Colvin,  J.  Am.  Chem.  Soc.  121,  7957 
(1999). 

7.  D.  L.  Feldheim,  K.  C.  Grabar,  M.  J.  Natan,  T.  E.  Mallouk  J.  Am.  Chem.  Soc. 
118,  7640  (1996).  S.  M.  Marinakos,  J.  P.  Novak,  L.  C.  Brosseau  III,  A.  B. 
House,  E.  M.  Edeki,  J.  C.  Feldhaus,  D.  L.  Feldheim  J.  Am.  Chem.  Soc.  121, 
8518  (1999). 

8.  V.  Chechik,  R.  M.  Crooks  Langmuir  121.  6364  (1999).  M.  Zhao,  L.  Sun,  R. 
M.  Crooks  J.  Am.  Chem.  Soc.  120,  4877  (1998). 

9.  S.  Barathi,  O.  Lev  Chem.  Commun.  2303  (1997). T.  Ung,  L.  M.  Liz-Marzan,  P. 
Mulvaney  Langmuir  14,  3740  (1998). 

10.  P.  S.  Russo,  B.  Fong  Langmuir,  15,  4421  (1999). 

11.  M.  Brust,  M.  Walker,  D.  Bethell,  D.  J.  Schiffrin,  R.  Whyman  Chem. 
Commun.  801  (1994).  R,  S.  Ingram.  M.  J.  Hostetler,  R.  W.  Murray  J.  Am. 
Chem.  Soc.  119,  9175  (1997). 

12.  A 1:1  Au  l:Si02  2 is  equivalent  to  1 mL  1 mg/mL  Au  1 colloid  solution 
added  to  1 mL  1 mg/ mL  Si02  2 colloid  solution. 

13.  R.  G.  Freeman,  K.  C.  Grabar,  K.  J.  Allison,  R.  M.  Bright,  J.  A.  Davis.  A.  P. 
Guthrie,  M.  B.  Hommer,  M.  A.  Jackson,  P.  C.  Smith.  D.  G.  Walter,  M.  J. 
Natan  Science  267,  1629  (1995). 

14.  S.  J.  Oldenburg,  R.  D.  Averitt,  S.  L.  Westcott.  N.  J.  Halas  Chem.  Phys.  Lett. 
288,  243  (1998). 


C4.46.fi 


